Isotopic characterization of all identified hydrological units in Lake Toba such as precipitation, inflows, outflows, and lake water, as a first assessment of lake water balance study, has been conducted. The isotopic characterization was done through the interpretation of the relationship of D and 
INTRODUCTION


Lake Toba is located about 150 km south of Medan, the capital city of North Sumatra. The location of the study is depicted in Fig. 1 . Lake Toba is the largest lake in Indonesia and the largest volcanic lake in the world. The lake is about 100 km long and about 30 km wide. It stretches from 2.88 °N, 98.52 °E to 2.35 °N, 99.1 °E. The maximum depth is estimated to be 505 m [1, 2] . The normal surface water elevation is about 905 m  Corresponding author. E-mail address: pastons@batan.go.id DOI: https://doi.org/10.17146/aij.2018.547 above sea level (asl) and the volume is estimated to be 2.4 x 10 11 m 3 [3] . The lake is surrounded by seven regencies of North Sumatra Province, namely Tapanuli Utara, Humbang Hasundutan, Toba, Samosir, Simalungun, Karo, and Dairi. Lake Toba is the main tourist destination in North Sumatra. It is also the main water sources of the surrounding area for domestic, agriculture, fishery, and power generation. The catchment and the surface areas of the lake are about 3,565 km 2 and 1,120 km 2 , respectively. Hence, the ratio of total catchment area to the lake surface area is only about 3:1. Lake Toba is very susceptible to human activities in terms of quantity and quality. This is because of the very 1 small ratio of total catchment area to the lake surface area and the leakage of untreated sewage from domestic waste and agriculture. It has been reported that the water level of Lake Toba has declined 3-5 m below its normal level during the year 1984-1987 [1] . It has also been observed that water hyacinths have degraded the quality and the beauty of the lake for the past two decades [4] . It is then very important to practice good lake management to conserve the quantity as well as the quality of the lake. Natural and human factors are the main driving force for lake deterioration. However, in most cases, human activities are the dominant driving force for the lake deterioration as confirmed by previous studies [5] [6] [7] . In lake management, any environmental decision should be made through holistic consideration of all ecological, economic, and social aspects [8] . [9] . Under this agreement, 15 lakes including Lake Toba have been chosen to be priority lakes for the implementation of ILBM. Several qualitative and quantitative aspects are considered in lake management to sustain the use of the lake to enhance human lives and the ecosystem. The study of the relationship among all hydrological units such as inflow, outflow, and pooled water is very important. In this study, stable isotopic contents of collected samples from various sources were used to characterize identified inputs such as rain water, inflows, outflows, and lake water. The isotopic characterization of all hydrological units is meant as a first assessment of the water balance of the lake. 16 O, respectively). These isotopic abundance ratios are compared with the corresponding isotopic ratios of an international standard and expressed in in permil (‰) and given in (1a) and (1b) [12] : 
Equation (2) is commonly called Global Meteoric Water Line (GMWL). The slope of local meteoric water line (LMWL), however, may be different from eight. In tropical countries such as Indonesia, the slope of LMWL is commonly less than eight, due to fractionation effect caused by the higher temperature in tropical countries. In general, the LMWL equation can be written as:
Equation (3) implies that the intercept of the LMWL is not always 10 as given in (2) . Another important parameter in precipitation study is deuterium excess (d). Deuterium excess can be viewed as the deviation index of any precipitation at particular time or region with global meteoric water and defined in the following formula [16] :
While the slope a of LMWL is normally affected by the average surface temperature at the precipitation site, d-excess (d) correlates with the physical condition of the ocean (humidity and temperature of the air as well as the temperature of the ocean surface) from which the water vapor was generated before being transported to precipitation site [17] .
It is also important to mention that surface water or any evaporated body has the slope of linear relationship of D and  18 O of less than eight in general. This phenomenon is again caused by isotopic fractionation effect.
METHODOLOGY
In the current study, the 
18
O and D values and their variations as a function of time and space were employed to elaborate the characteristics of all hydrological components and their interactions. The samples were collected from lake water, inflows, outflows, and rain water. The samples from lake water, inflows, and outflows were collected from several sampling points 2-3 times during the year 2014. There were many streams flowing into the lake; however, few of them were perennial streams. On the other hand, the only outflow from the lake is the Asahan River. The locations of the sampling points are given in Fig. 2 . Table 1 . One sample from each rain collector was collected every month for stable isotopes analysis. To cover both dry and rainy seasons, the duration of sample collection was set to be 12 months. To avoid evaporation of water inside rain collector between sampling periods, about 200 cm 3 paraffin oil was poured into rain collector and let to float above water surface inside the rain collector. In this study, stable isotopes were the main tools that were used to characterize rain water, inflows, outflow, and lake water. However, for some selected sampling points, two different samples were collected that is one was for stable isotope analysis ( 
RESULTS AND DISCUSSION
Precipitation
The measured monthly intensity of rain for each rain collector is given in Table 2 . The empty data (-) indicates either a dry month or an intensity that was too small that it was let to accumulate for the next sample collection. Using the date from the four rain collectors, it was found that annual rain intensity around Lake Toba in 2014 was about 3200 mm. The 
18
O and D values of all samples are given in Table 3 . 
Local meteoric water line (LMWL)
The Local Meteoric Water Line (LMWL) is very important in hydrological cycle study. LMWL is a reference for many studies such as evaporation, condensation, and interaction of surface water and groundwater. The LMWL is the linear line developed from the graph of the  18 O versus the D of precipitation data. The data from rain collector #4 (RC-4) were excluded in developing LMWL due to the fact that some disturbances occurred related to data collection from RC-4, such as unavailability of paraffin oil inside the rain collector during data collection and over-capacity because of the late collection of the sample. The exclusion of data from RC-4 was to avoid misleading results. In addition, two pairs of data have been treated as outliers and hence excluded from the construction of LMWL. The outliers were determined through statistical analysis on the calculated deuterium excess (d) values. Deuterium excess values were calculated using (4). The range of deuterium excess values was found to range from -27.9 to 42.8. The two outliers correspond with deuterium excess d = -27.9 (RC-2, June) and d = 42.8 (RC-2, March). The regression equation of LMWL after exclusion of the outliers from rain collectors RC-1, RC-2, and RC-3 was given in (5) and Fig. 3 .
The coefficient of determination r 2 = 0.81 indicates that the data well fit the linear regression line. The slope (a) of the LMWL that is very close to 8 (a = 7.74) indicates that the effect of isotope fractionation was not very significant. This phenomena is normal because the average temperature in the region is only about 20 °C [18] . The intercept d = 7.82 which is less than 10 indicates that the water vapor was transported from warmer ocean [13] . This phenomenon is also expected in tropical country like Indonesia where all surrounding oceans are warm all year round. Further, this LMWL will be used as a reference for hydrological cycle studies in the vicinity of the study area. Because groundwater and springs are isolated from the atmosphere during their migration from the recharge point to discharge point (sampling point), the 
18
O and D values of groundwater and springs can be assumed to be similar to  18 O and D values of rain water at recharge point. Hence, (7a) and (7b) are very important for estimating the elevation of recharge area of any groundwater or springs around the study area. In the present study, most of the samples were collected from surface water, and only four samples were from springs, while none was from groundwater. The names of the four springs, together with their average D values and calculated elevation of recharge area using (7b), are given in Table 4 . Since all of the springs were in the Sumatra Island side, the calculated elevations given in Table 4 can be justified and make sense since all of them are within the catchment area of Lake Toba that is in the Sumatra Island side.
Surface water samples
Surface water samples were mostly collected from the streams or rivers that flowed into Lake Toba. Table 5 47 . 21 89 .
It can be seen from (8) that the slope of the regression line is much less than the slope of LMWL that was given in (5) . This indicates that all of the surface water samples have undergone evaporation process before entering Lake Toba. The same phenomenon has also been observed by one of the authors during the study of "Hydraulic interconnections study of SeropanNgreneng-Bribin underground rivers in Gunung Kidul karst area using tracer technique" [19] . In the study, it was found that the slope of the linear relationship between 
O
and D values in the underground rivers was 4.77 which is very close to the present study result of 4.89.
Further observation reveals that, in general, those samples collected from mainland Sumatra were more enriched than those collected from the Samosir Island. This can be explained as follows: the streams in the Sumatra Island side were in general longer than those streams in the Samosir Island, causing those samples collected from the Sumatran side to have experienced a longer evaporation process than those from the Samosir Island side. It was also observed during the sample collection that those streams in the Sumatran side had significantly mixed with excess water from paddy farms. Additionally, it has been discussed in the previous sections that those streams 
Output and lake water samples
The output of Lake Toba is only through the Asahan River. Water samples from Asahan River were collected at the upstream of the river before any other streams merge with the river. The average This indicates that all of the surface water samples had undergone evaporation process before entering Lake Toba. The samples collected from mainland Sumatra were more enrich than those collected from the Samosir Island. This is partly because the streams in the Sumatran side are in general longer than those streams in the Samosir Island, causing those samples collected from the Sumatran side to have experienced longer evaporation process than those from the Samosir side, and partly because those streams in the Sumatran side had significantly mixed with excess water from paddy farms.
The  18 O and D values of both Asahan River and lake samples were very similar. This was because most of the water flowing in this part of the river originated from the lake. The  18 O and D of lake water were much more enriched than those from inflow streams or rivers. This is because that the lake water had experienced significant evaporation due to the long residence time of the lake.
